Introduction
Because monotherapy is unlikely to ameliorate all depression symptoms, the sequential model of depression treatment recommends the use of psychotherapy following remission by pharmacotherapy for sustained wellness and relapse prevention. The choice of treatment depends on the nature of the residual symptoms, which may be a result of non-responsiveness to or a side effect of pharmacotherapy [1] [2] [3] [4] .
Sleep disturbances are one of the most common residual symptoms after successful treatment with antidepressant medication (ADM), and are associated with perpetuating mood disturbance and increased risk for relapse [5] [6] [7] [8] [9] [10] . Many ADMs, including selective serotonin reuptake inhibitors (SSRI) [11, 12] , norepinephrine reuptake inhibitors (NRI) [11] , dopamine reuptake inhibitors (DRI) [13] , monoamine oxidase inhibitors (MAOI) [14] [15] [16] , and tricyclics [17] have been found to disrupt sleep continuity and increase awakenings in sleep studies using polysomnography (PSG). Regardless of whether they result from incomplete response to ADM, or whether they are induced by ADM, these ADM-related sleep disturbances often result in non-adherence, require switching medicine or the addition of a hypnotic [12, 18] . Because maintenance ADM treatment is often prolonged (i.e. years), and long-term hypnotic use is discouraged, a behavioral intervention could help to maximize both adherence and treatment response.
Mindfulness meditation (MM) training has been associated with improvements in subjective sleep quality [19] [20] [21] [22] [23] [24] [25] [26] . However, few studies have used objective measures (i.e. PSG) to measure sleep and no studies have examined the effect of MM training on ADM-related sleep disturbances.
The present study investigated whether 8 weeks of MM training could improve subjective and objectively measured PSG sleep profiles in depressed individuals who had achieved at least partial remission with ADM, but still had residual sleep complaints. Based on previous reports of improved sleep quality following meditation, we predicted that MM would be associated with: (1) improved sleep continuity, as manifested by an increase in total sleep time, a decrease in time spent awake, and an increase in sleep efficiency (SE) [27] ; and (2) deeper sleep, as manifested by increased slow-wave sleep and decreased stage 1 sleep. In order to imbed the findings within the context of clinical utility, we also examined the relationships between objective and subjective sleep and residual depression symptoms.
Patients and Methods

Participants
The current analysis was part of a larger study that investigated the effects of mindfulness training in recurrent depression [28, 29] . The protocol and inclusion criteria were identical to Britton et al. [28] , except that participants in the current study were taking ADMs, while the other sample was medication-free. Briefly, the target population was individuals with a recurrent form of unipolar depression who had achieved at least partial remission with ADM but still had residual sleep complaints. Participants met DSM-IV criteria for major depression in the last 60 months and had a lifetime history of at least 3 episodes, but were in full or partial remission during the last 8 weeks. Partial remission was defined by a subjectively reported improvement in symptoms in the last 2 months, BDI score ^ 20 and the exclusion of individuals with severely depressed mood/anhedonia, or active suicidal ideation. In addition, all eligible participants reported difficulties with either sleep initiation, sleep maintenance/non-restorative sleep, or early awakening (2 times/week), but not hypersomnia in the last 2 months.
Exclusion criteria included: (1) a history of bipolar, psychotic or borderline personality disorder, or organic brain damage; (2) current panic, obsessive-compulsive, eating, or substance-related disorder; (c) inability to read/write in English; (d) current psychotherapy; (e) regular meditation practice; (f) modification of type/ dose of ADM in the last 3 months; (g) untreated sleep disorder besides insomnia. The study protocol was approved by the University of Arizona's Institution Review Board, and all participants provided written informed consent. No adverse events occurred during the trial.
Design
After completing 3 weeks of sleep diaries, pre-treatment questionnaires, an adaptation night and baseline assessment in the sleep laboratory, participants were block randomized (block size = 5) to a Mindfulness-Based Cognitive Therapy (MBCT) program or waitlist control condition in a 3: 2 ratio without reference (stratification) to baseline characteristics, using identical shuffled opaque sealed envelopes [30] . Treatment allocation was recorded by the first author, who was also the intervention therapist, and therefore not blind to intervention allocation. Research personnel who collected any post-baseline data were blind to treatment conditions. After 8 weeks of treatment or waitlist condition, participants completed a post-treatment questionnaire packet and returned to the laboratory to repeat the 'study night' procedure. The experiments were conducted between May 2004 and December 2005 at the University of Arizona Department of Psychology in Tucson, Ariz., USA.
Measures
Pre-and Post-Treatment Assessments Participants underwent an adaptation night in the sleep laboratory and returned within 1 week for a 'study night' that was scheduled according to average diary bed/wake times. Participants were asked to avoid: scheduling appointments after an anticipated stressor or time-zone travel, altering regular sleep schedule, and substances that interfere with sleep for 24 h before the study.
PSG and EEG PSG recordings followed the International 10-20 system, and standard electrooculogram and electromyogram placements, and were recorded into the 32-channel Grass Polysomnograph (Aurora Model, Twin 3.2 Software). Following lights out, subjects were allowed to sleep ad libitum from their usual bedtime (see Britton et al. [28] for details).
Sleep Parameters
Each record was scored in 30-second epochs according to the standard sleep stage scoring guidelines of Rechtschaffen and Kales [31] (C3/C4, O1/O2, electrooculogram, electromyogram) by a registered PSG sleep technician who had an inter-rater reliability of 1 0.90 with other technicians. Inter-rater reliability for a subset of sleep records in this study was 1 0.95. Sleep stages were calculated into minutes of each stage and a number of other sleep parameters. Sleep onset was defined by the first epoch of any stage of sleep [32, 33] . Sleep onset latency (SOL) and wake after sleep onset (WASO) reflect sleep initiation and sleep maintenance difficulties that were not shared by all participants. Therefore, SOL and WASO were combined into total wake time (TWT) to create an overall sleep disturbance variable that applied to all subjects. SOL and WASO were reported as secondary outcomes. SE is the ratio of total sleep time (TST) to time in bed (TIB). In addition to TWT and TST, TIB includes epochs containing movement, breathing or muscle artifacts, or recording difficulties, which were excluded from analysis. Because of the focus on sleep continuity and the heterogeneous effects of ADM on REM [12, 34, 35] , investigations of REM sleep were not included in this paper.
Depression
The Beck Depression Inventory (BDI) [36] is a 21-item self report measure of depressive symptomatology with excellent psychometric properties [37] . Sleep-related items on the BDI were omitted for correlations with sleep variables, but otherwise were retained in order to convey overall clinical significance ( ␣ = 0.81 pre-treatment, 0.90 post-treatment).
The Hamilton Rating Scale for Depression (HRSD-24) is a widely used clinician-administered interview assessment of depressive symptomatology [38] . The HRSD and diagnostic interviews were conducted by the first author ( 1 0.90 inter-rater reliability, internal consistency = 0.77). The HRSD was used for pretreatment screening only; the BDI was used for the post-treatment assessment of depressive symptoms.
Sleep Diaries
Participants kept track of their sleep for a 3-week baseline and for the 9 weeks of the treatment phase. Weekly averages required a minimum of 3 days/week of valid data to be included in analysis. Each morning the participant recorded the TST, TIB, SOL, WASO, and subjective sleep quality rating. The diary data were then used to calculate SE (TST/TIB) and TWT (SOL + WASO). While estimates of sleep parameters from sleep diaries have been found to be reliable and valid in adults with insomnia [39] , it should also be noted that both good sleepers and insomniacs are poor estimators of sleep/wake duration. While good sleepers overestimate their time asleep, insomniacs tend to overestimate time awake [40] .
Meditation Practice Logs Participants in the MBCT group kept track of their daily MM practice, including: (1) the type of meditation (body scan, breath awareness, etc.), (2) the number of minutes practiced, and (3) whether they fell asleep during practice. Logs for the preceding week were collected at each class meeting.
Treatment
MBCT is an 8-week group intervention [41] for the treatment and relapse prevention of recurrent depression [28, [42] [43] [44] [45] [46] [47] [48] [49] . Participants attended weekly 3-hour sessions and an all-day retreat (9 sessions total). Sessions focused on cultivating non-judgmental present-moment awareness of internal (thoughts, emotions) and external events. Homework assignments consisted of practicing MM exercises with the aid of a guided audio CD (45 min/day). A session-by-session description is available in the MBCT manual [41] . The intervention included 5 groups of 6-10 participants, and was explicitly aimed at depression symptoms/relapse prevention (i.e. not improvement in sleep). Sessions were conducted by the first author who had more than 10 years (approximately 3,000 h) of MM practice experience and has received extensive training in delivery of the program through the Center for Mindfulness Mindfulness-Based Stress Reduction Instructor Certification Program, and through MBCT training with Dr. Zindel Segal, the first author of the MBCT manual. Sessions were taped and supervised by two licensed clinical psychologists with experience in cognitive-behavioral therapies to ensure patient safety. Although treatment fidelity was not formally assessed, an earlier report demonstrated that this MBCT intervention was efficacious in reducing residual depression symptoms through increases in mindfulness [29] .
Statistical Analysis Preliminary Analyses
Because of the preliminary nature of this investigation, a per protocol analysis was used. Prior to analysis, all variables were examined for normality, and any outlying cases were winsorized such that outliers were replaced with the next highest non-outlying value [50] . Analyses were performed on both the winsorized data and the raw untransformed data, and no differences in outcomes were found. Thus, because transformed data is difficult to interpret, the raw data is displayed in tables and analysis. Preliminary analyses were used to describe baseline characteristics, severity of sleep disturbance, patient flow/adherence, and investigate any baseline group differences that might affect the main analyses.
Main Analyses
The main analyses investigated the effect of treatment on sleep quality according to two different methods of data collection: overnight PSG recordings (objective laboratory measurement) and sleep diaries (subjective reports). We conducted separate 2-way repeated-measures ANOVAs to examine changes in PSG and diary sleep variables from baseline to post-treatment. PSG sleep variables were two-level within-subject variables (pre, post) and consisted of TIB, TST, SE, TWT, stage 1 min, and slow-wave sleep min. Diary sleep variables consisted of self-reported TIB, TST, SE, TWT, and subjective quality rating. Diary-and PSGbased SOL and WASO are reported as secondary outcomes. The between-subjects variable was treatment (MBCT, control). Because of the relationship between depression and sleep, baseline BDI score was entered as a covariate [51] . Using SPSS 17.0 software, statistical significance was set at ␣ levels ! 0.05 (two-tailed), with effect sizes reported as partial 2 ( p 2 ; small = 0.01, medium = 0.06, large = 0.14) [52] .
Because of the exploratory nature of the study and small sample size, all trends (p ! 0.10) that related to main predictions and had effect sizes on par or larger than expected for mindfulness RCTs [53] (i.e. medium effect size) were reported in order to identify patterns that warrant future investigation. Follow-up analyses used Pearson product moment correlation coefficients to examine the relationship changes in PSG and diary sleep and changes in residual depression.
Results
Preliminary Analyses: Participant Flow
Twenty-six individuals completed baseline assessment and randomization procedures (15 MBCT, 11 controls) and 2 dropped out once enrolled (1 MBCT, 1 control), so a total of 24 participants completed the 8-week protocol (14 MBCT, 10 controls). One participant was excluded from PSG analysis due to technical problems, so complete data from all time points were available from 23 participants (13 MBCT, 10 controls).
Preliminary Analyses: Treatment Attendance and Adherence
Out of the 15 MBCT participants, 1 dropped out after the first class, and the remaining 14 attended at least 6 sessions and the all-day retreat. Outside of class, the 14 completers engaged in formal MM practice an average of 40.4 8 8 min/day 5.0 8 1.6 days/week (mean adherence = 75 8 17%).
Preliminary Analyses: Baseline Characteristics
Participants (n = 26, 21 female) had a mean age of 47.0 8 10.5 years (range = 24-61 years). Approximately half of the participants in each group were in remission (BDI score ! 10) [54] , with a history of previous depression ranging from 11 to 152 months (mean 60.9 8 37.6).
Preliminary Analyses: Antidepressant Medications
The majority (92%) of the sample was taking a single compound, 2 (8%) were taking two medications. Based on dose-related mechanism(s) of action [55] , ADM use can be categorized as follows: 73% SSRI, 38% norepinephrine reuptake inhibitors, 15% dopamine reuptake inhibitors, 12% tetracyclics.
There were no significant differences between treatment groups in age, gender, depression severity, duration of previous depression, percent taking SSRIs, or any diary or PSG sleep measure at baseline. See table 1 for summary by treatment group.
Preliminary Analyses: Baseline Sleep Disturbance
All participants reported some level of sleep complaints at the initial screening, including trouble initiating sleep (SOL 1 30 min, 42.3%), disturbed/non-restorative (WASO 1 30 min, 100%), or early morning awakening ( 1 30 min prior to normal time, 50.0%) at least 2 nights/week during the month prior to the interview. According to sleep diaries, approximately 40% of the sample met formal severity and frequency criteria for insomnia, defined as 6 31 min of WASO or SOL on 6 3 nights/week during the first week of baseline assessment [56] . Seventy percent of the sample had SE !90% according to both diaries and PSG, with an average of 43 8 36 (diary) and 56 8 27 (PSG) min spent awake each night. Half of the sample described their average night of sleep as 'restless' or 'very restless'. Reduced slow-wave sleep, as defined by less than 8% of total sleep time [57] , was apparent in 80% of the sample.
Main Analyses: PSG Data
A significant group ! time interaction indicated a greater reduction in PSG TWT for the MBCT group com- Data denote means 8 SD unless otherwise indicated. No significant differences between treatment groups in age, BDI, previous depression (independent sample t tests) or gender, remission, or completers (Fisher's exact test). 1 Total duration of previous depression across all episodes. 2 BDI score <10. ( table 3 ) .
Residual Depression and Relationship to Sleep
A trend-level group ! time interaction indicated a greater reduction in residual depression symptoms for the MBCT group versus controls [F(1, 22) = 3.6, p = 0.07, p 2 = 0.14]. Mean BDI scores for the MBCT group decreased 2.6 points from 8.3 8 5.9 to 5.1 8 3.5, while control group BDI scores increased 3.2 points from 11. 
Discussion
This study investigated the effects of MBCT on PSG and subjective sleep profiles in depressed individuals who had achieved at least partial remission on ADM, but still had sleep complaints. After 8 weeks of MM training, the MBCT group spent less time awake at night and had higher sleep efficiencies than controls according to both objective and subjective measures. Improvements in selfreported sleep continuity were associated with improvement in residual depression symptoms. Together these data suggest that MM training may improve ADM-related sleep discontinuity, one of the most common complaints and reasons for discontinuation of ADMs [15] .
It is important to note that these meditation-related benefits were specific to sleep continuity and not sleep depth or architecture. While the MBCT group showed a decrease in wake time and improved SE, there was no change in the total amount of sleep, or the amount of slow-wave 'deep' or stage 1 'light' sleep as a result of MM training. Sleep continuity improved even though pretreatment sleep disruption was not severe. Slow-wave sleep remained pathologically truncated between 5 and 8% following treatment. Two cross-sectional studies have reported increased slow-wave sleep in advanced meditators [58, 59 ] , but we did not replicate this finding in the context of a longitudinal RCT of meditation-naïve ADM users. While there was no change in slow-wave sleep or stage 1 in this sample, several other studies suggest that meditation may decrease sleep depth and increase wakefulness or cortical arousal [28, [60] [61] [62] [63] [64] [65] . Future studies should be careful to dissociate the effects meditation on sleep depth and sleep continuity.
Our primary measure of sleep continuity, TWT, was an aggregate of sleep initiation and sleep maintenance difficulties. When TWT was decomposed into WASO and SOL and analyzed separately, only subjective WASO was close to significance. This finding has several implications: The sample size may be too small to show the effect from SOL and WASO separately and TWT may be a more sensitive measure for mixed forms of insomnia that include both sleep initiation and maintenance difficulties. Similarly, Morin et al. [66] found that TWT (but not SOL and WASO separately) in both sleep diaries and PSG benefited from a behavioral intervention for insomnia compared to controls. While it is true that SOL and WASO reflect different types of sleep disturbance, it is also true that total wake time is associated with cognitive and affective functioning. For example, Van Dongen et al. [67] found that total amount of wakefulness was associated with neurobehavioral impairment in a linear dose-response manner. Similarly, in this paper, improvements in total wake time were associated with improved mood (r = 0.45, p ! 0.05).
The observation that that subjective WASO improved, but not SOL, may suggest that sleep maintenance difficulties are more influenced by MM, but the opposite pattern has been found in other trials [68] and is most likely related to type of sleep complaints at baseline. This finding is probably better explained by the tendency of subjective reported sleep to be more amenable to change by MM training than objectively measured sleep [28, 68] .
The dissociation between subjective and objective measures of sleep is a well-known phenomena in sleep re-search [69] [70] [71] and is beginning to appear in meditationbased sleep studies as well. Subjective measures have produced more favorable [19-22, 26, 68] or equivocal [28, [72] [73] [74] sleep-promoting effects of meditation while objective or EEG-based measures tend to suggest more wake-promoting or arousing effects [28, [60] [61] [62] [63] [64] [65] . In the current study, the subjective and objective measurements of sleep showed differential patterns that reinforce MM's stronger benefits for subjectively reported sleep. By subjective accounts, MBCT showed clear improvement over relatively stable controls, where by PSG measurement, deterioration of control sleep may have contributed to the group ! time interaction. Given that BDI scores increased slightly for the controls, it is possible that deterioration of PSG sleep in controls is related to depressive relapse.
The present study has several limitations, most notably the lack of statistical power due to the small sample size, and a per protocol rather than intent-to-treat analysis. The use of an 8-week MM course limits the ability to speculate on the effects of other forms of meditation or the effects of longer durations of training. Because MBCT uses a variety of meditative techniques, it is difficult to sort out which techniques relate to which outcomes. While the MBCT group's previously reported increase in mindfulness and improvement in depression is consistent with other studies where high-quality MBCT was administered, checks on competency [75] and adherence [76] should be included in future research to ensure treatment fidelity.
In addition, varying levels of mood and sleep disturbance at baseline and heterogeneous ADM types may have confounded or diluted the effects. The current study cannot clearly delineate to what extent mindfulness training improved sleep versus prevented deterioration associated with depressive relapse. The current study also does not distinguish between residual depression-related sleep disturbances that fail to respond to ADM and sleep disturbances that are induced by ADM. Future studies with larger and more targeted samples should investigate these distinctions. Future studies should also assess whether the improvements in ADM-related sleep disturbance affect medication adherence and long-term remission rates.
In conclusion, this study suggests that individuals who experience sleep disturbances as a side effect from ADM may benefit from training in MM. MM training may represent a treatment choice within the sequential model of depression treatment. By serving as more desirable and cost-effective alternative to discontinuation or supplementation with hypnotics, MM training may contribute to a more sustainable recovery from depression.
